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Abstract
Despite great medical advances, oncological research is still looking for novel 
therapeutic approaches due to the limitation of conventional therapeutic agents. 
Virotherapy is one of these new emerging therapeutic approaches that attract at-
tention with their widespread applications. Virotherapy use lives oncolytic viruses 
or genetically engineered viruses that selectively infect the tumor cells, replicate, 
and disrupt the cancerous cells that also induce their anticancer activity by stimu-
lating the host antitumor immune response. Moreover, viruses are widely used 
as target delivery vectors for specifically delivering different genes, therapeutic 
agents, and immune-stimulating agents. In addition to having antitumor activity 
by themselves in combination with conventional therapeutic agents like immune 
therapy and chemotherapy, Virotherapy agents also elicit promising outcomes. 
Therefore, in addition to their promising result in monotherapy use, virotherapy 
agents can also be used in combination with conventional cancer therapy, epi-
genetic modulators, and even microRNAs without any cross-resistance, which 
allows the patient not to be deprived of her routine medicine. Still, this combina-
tion therapy reduces the adverse effect of the conventional therapies. All together 
suggest that virotherapy agents as novel potential agents in the field of cancer 
therapy.
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1   |   INTRODUCTION

Cancer is well known as a major global health concern.1,2 
The most conventional therapies that are already used for 
cancer and can extend the survival time of patients with 
cancer include surgery, radiotherapy, chemotherapy, and 
immunotherapy.3–5 However, all these conventional ther-
apies have some limitations that have led to their failure 
in cancer treatment.

Surgery is most commonly used to remove the tumor 
in the early stages, but it cannot be an effective and suf-
ficient treatment alone; hence, it is often combined with 
other cancer treatments, including chemotherapy and 
radiation.3 Furthermore, surgery and radiotherapy are in-
effective in disseminated cancers and are more efficient 
against localized cancers; therefore, it seems that chemo-
therapy is the only choice.3 In addition, chemotherapy 
cannot be considered a sufficient therapeutic approach 
on its own due to the lack of specific toxicity for tumor 
cells. Moreover, in some cases, chemotherapeutic agents 
could lead to the development of multi-drug resistant 
(MDR) cells.6 Another conventional cancer therapy is im-
munotherapy, which has only 10%–30% effectiveness.7–9 
Therefore, there is an urgent need for new treatment strat-
egies with potent tumor-killing properties and fewer di-
verse effects.

Many viruses are effective in cancer treatment. 
Recently, virotherapy has attracted more attention as an 
effective agent in cancer treatment. Human intestinal cy-
topathic orphan viruses, adenoviruses, and herpes sim-
plex viruses can replicate in tumor cells, causing cancer 
cells to die.10–13 Besides, some virus species have antican-
cer effects by enhancing the host immune system.14 This 
study aimed to comprehensively review the role of viruses 
in the development of cancer as well as the latest advances 
in the anticancer applications of viruses.

2   |   VIRUSES IN CANCER 
DEVELOPMENT

Some studies suggest that viruses are the leading causes 
of nearly 10%–15% of all cancers worldwide. At the same 
time, other pieces of evidence claim that cancer devel-
opment as a result of viral infections is usually a rare 
event.15 Although some viral infections can increase the 
risk of cancer, they do not necessarily cause the progres-
sion of cancer. According to epidemiological reports, the 
carcinogenesis of viruses depends on the virus load, the 
persistence of infection, and the duration of infection.16,17 
Some common viral carcinogenic features of cancer de-
velopment include (i) direct transformation through the 
expression of viral genes, (ii) encoding oncoproteins, (iii) 

inactivating regulators of genome stability, (iv) interfer-
ence in cell viability and cell cycle, (v) inactivating p53 
and retinoblastoma proteins (pRB), (vi) activation of the 
DNA damage response, and (vii) changes to cellular levels 
of reactive oxygen species (ROS) and induction of oxida-
tive stress (OS) (Table 1) (Figure 1).

2.1  |  DNA oncoviruses

2.1.1  |  Hepatitis B virus

Hepatitis B Virus (HBV) is well known as a hepadnavirus 
with double-stranded DNA, which increases the risk of 
hepatocellular carcinoma (HCC).18 According to the re-
ports, the HBV genome is observed in over 80% of HCCs, 
and there is a 5-15-fold increase in the incidence risk of 
HCC in people who are with chronic HBV carriers.19 
Nevertheless, it is not always the case, as the integrated 
form of HBV is also detected in the non-tumor tissues of 
people with chronic HBV infection.20,21 However, genome 
integration of HBV into hepatocytes increases the risk of 
HCC development, which occurs during chronic infection 
of HBV and leads to an increase in the expression level 
of cancerous genes, including telomerase reverse tran-
scriptase (TERT), mixed-lineage leukemia 4, and encod-
ing cyclin E1 (CCNE1) (encoding cyclin E1).22,23

Overall, integrating the HBV genome raises cancer 
risk by causing additional genetic changes and interfer-
ence with crucial cell processes. These processes include 
chromosomal deletions, translocations, the fusion of tran-
scripts, DNA replication, and instability of the genome, 
which result in overexpression of oncogenes, repression 
of p53, inactivation of apoptosis mediated by p53, inac-
tive cell cycle regulation, transactivation protein kinase C, 
JAK/STAT, and PI3K pathways, and upregulates the ex-
pression of TGF-β.24–28

2.1.2  |  Human papillomaviruses

Human papillomaviruses (HPVs) are double-stranded 
DNA viruses that can infect epithelial cells.29 HPVs are 
well known as causative agents of the second most com-
mon cancer in women worldwide, called cervical can-
cer.30,31 According to the reports, the DNA of HPV is 
observed in more than 90% of malignant squamous le-
sions of the uterine cervix. The HPV16, HPV18, HPV31, 
and HPV33 are the most common members of this family 
that are involved in more than 90% of all cervical cancer 
cases.32 However, HPV type 16 is considered the most di-
agnostic type, having been observed in more than 50% of 
all cervical cancer cases.32
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In addition to cervical cancer, a high-risk HPV infec-
tion can mediate other malignancies that account for 
more than 90% of anal cancers, 70% of vaginal and vulvar 
cancers, 60% of penile cancers, and 63% of oropharyngeal 
cancers.33 The E6 and E7 are the oncogenes encoded by 
HPV, which have a critical role in the cancer development 
process.34,35 The integration of HPV-16 into the host ge-
nome disrupts the E2 gene, which is a negative regulator 
for the expression of E6 and E7; hence, it leads to the high 
expression of these two oncoproteins and then cancer 
development.36,37

The E6 oncogenes increase the risk of cancer by caus-
ing rapid degradation of p53, which is an important 
tumor-suppressor protein that also activates human TERT 
(hTERT). Moreover, E7 also plays a role in cancer devel-
opment via inactivating pRB, a tumor suppressor protein 
that prevents excessive cell growth.38 High generation of 
ROS and repetitive nerve stimulation (RNS) are the other 
factors that increase the integration risk of HPV through 
the further breaking of the DNA strand, which increases 
the integration of HPV-DNA into cellular chromatin.39,40 
Furthermore, nitrative and oxidative DNA damage is 
also observed in the case of high-risk HPV infections 
that play a role in cervical carcinogenesis mediated by 
inflammation.41

2.1.3  |  Merkel cell polyomavirus

Merkel cell polyomavirus (MCV) belongs to the double-
stranded DNA polyomaviruses, which are well known 
as causative agents of Merkel cell carcinoma (MCC).42 
The MCV induces its anticancer activity by encoding the 
tumor-associated antigens and protein complexes that can 
target multiple tumor suppressor proteins, like pRB and 
p53.43 Recent findings have suggested that the association 
between MCV and MCC is very similar to cervical cancer 
induced by HPV due to the recurrent pattern of conserved 
viral DNA sequences, integration of MCV into the host 
genome, and expression of viral oncoproteins.44 However, 
more research is required to define the function of inte-
gration in MCC carcinogenesis.

2.1.4  |  Epstein–Barr virus

Evidence suggests that Epstein–Barr virus (EBV), a mem-
ber of double-stranded DNA herpesviruses, is associated 
with several malignancies, such as Burkitt's lymphoma, 
nasopharyngeal carcinoma, and several lymphoprolifera-
tive disorders.45 In the case of Burkitt's lymphoma, there 
are three different clinical variants, including endemic, 

F I G U R E  1   Oncogenesis mechanisms of viruses in cancer development. Viruses induce their carcinogen activity via insertion near the 
cancer genes such as telomerase reverse transcriptase (TERT), cyclin A2 (CCNA2), and cyclin E1 (CCNE1), and increase their expression, 
which results in inactivating the p53 and apoptosis mediated by that. Moreover, viruses, by increasing the expression of some factors like 
TGF-β, can the tumor development due to the inducing and sustaining tumor angiogenesis. In addition, these viruses change and increase 
ROS production and induce oxidative stress (OS), resulting in DNA damage and then increasing the risk of tumor development.
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sporadic, and immunodeficiency, while EBV is observed 
in more than 96% of endemic variant Burkitt's lymphoma 
cases. In vitro studies have shown that EBV has trans-
formative abilities through changing cellular gene tran-
scription and activating cell signaling pathways, resulting 
in EBV-encoded latent genes inducing B-cell transforma-
tion into permanently latently infected lymphoblastic 
cell lines (LCLs).46 Unlike the others described above, 
the integration of the EBV genome with the host is rare. 
However, the integration of EBV into the fragile sites of 
the host genome causes partial deletion in the viral ge-
nome. Also, it generates a region that leads to instability in 
the host genome. This instability in the host genome leads 
to the loss of some host genes, like the BTB domain and 
CNC homolog 2 (BACH2), that are associated with tumor 
suppressor genes and are probably involved in lymphom-
agenesis.47 The available evidence suggests that EBV may 
play a role in nasopharyngeal carcinoma (NPC). These re-
ports have investigated the integrated EBV in NPC biopsy 
samples and revealed the integrated EBV in some NPC 
cell lines that are EBV-positive, HSB4, and H2B17–7.48 
However, the role of EBV-DNA integration and the risk of 
NPC is still unknown.

2.1.5  |  Kaposi's sarcoma-associated 
herpesvirus

Kaposi's sarcoma-associated herpesvirus (KSHV) is a 
human gamma herpesvirus with a double-stranded DNA 
herpesvirus. The KSHV is well known as the causative 
agent of primary effusion lymphoma and is common in 
AIDS patients.49 Moreover, this virus is associated with 
multicentric Castleman disease (MCD) and inflamma-
tory cytokine syndrome. The anticancer activity of the 
KSHV is induced by encoded oncoproteins known as 
latency-associated nuclear antigen 1, which inhibits the 
tumor-suppressive activity of p53 and represses its tran-
scription.50 Moreover, this oncovirus has anticancer ac-
tivity via encoding the interferon regulatory factor-like 
signal-transduction protein, ORF K9, that blocks the 
signaling pathways induced by interferon. This inhibition 
protects oncoviruses from interferon-associated antiviral 
function.51

2.1.6  |  Simian virus 40

Simian virus 40 (SV40) is another oncogenic DNA virus 
associated with brain tumors, osteosarcomas, malignant 
mesothelioma, and lymphomas.52 This oncovirus has anti-
tumor activity by encoding the large T antigen (LT), which 
can bind to the p53 gene, inactivate it, and inhibit the 

p53-mediated cell death.53 Moreover, the LXCXE motif of 
this oncoprotein can bind to pRb, which results in the inac-
tivation of the function of this tumor suppressor protein.54 
In addition, LT is also able to inactivate the RASSF1A gene, 
which is a tumor suppressor gene.55,56 Furthermore, LT 
of SV40 contributes to tumor development by activating 
the growth factor receptors, including Met, Notch-1, and 
IGF-1R, which enhance cell division and the carcinogen-
esis process by activating the extracellular-signal-regulated 
kinase and AP-1 pathways.57–59 Moreover, this oncoprotein 
can induce the DNA damage response by binding to the 
mitotic spindle checkpoint kinase BUB-1, which is in the 
best interest of the oncovirus.60,61

2.2  |  RNA oncoviruses

2.2.1  |  Human T-cell leukemia virus-1

Human T-cell leukemia virus-1 (HTLV-1), well known as 
RNA oncovirus, belongs to the family Retroviridae and 
the genus Delta retrovirus and is associated with fatal T-
cell leukemia (adult T-cell leukemia) and progressive my-
elopathy (HTLV-1-associated myelopathy/tropical spastic 
paraparesis HAM/TSP).62 HTLV-1 promotes the prolifera-
tion of infected T cells by expressing Tax and HBZ, both 
of which have been linked to oncogenesis. The prolifer-
ation of infected T cells causes many infected T cells to 
have unique sites for integrating HTLV-1 with the host 
genome. According to the reports, Tax has a role in tumor 
initiation, while HBZ is responsible for its maintenance.63 
Tax is a 40-kDa trans-regulatory protein crucial in trans-
forming infected cells into adult T-cell leukemia. This 
oncoprotein can bind to the hTERT via occupied c-Myc 
binding sites, resulting in unexpected hTERT expression. 
Tax is also capable of targeting the nuclear factor-B (NF-
B) pathway, which is important in regulating antitumor 
immune responses. This oncoprotein also has antican-
cer activities by affecting proteins, such as p16, p15, and 
Rb, that are cell cycle inhibitors, and thereby leading to 
cyclins and cyclin-dependent kinase activation. The tax 
also mediates the generation of ROS by affecting different 
pathways that result in DNA damage.64 Tax also has anti-
cancer activity via inactivating the tumor suppressor pro-
tein p53. However, evidence suggests that tax is repressed 
after cancer development.

In contrast, HBZ is encoded in all adult T-cell leukemia/
lymphoma (ATLL) cells and HTLV-1 infected cells, which 
are called ubiquitously expressed proteins.65 The HBZ is 
able to increase the CD4 + Foxp3 + Treg cells, which result 
in inflammatory disorders in several sites, such as the in-
testines, skin, and lungs.66 This protein also promotes the 
generation of infected cells by HTLV-1.67,68
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2.2.2  |  Hepatitis C virus

Hepatitis C virus (HCV) is a positive-sense single-stranded 
RNA virus and belongs to the family of Flaviviridae, 
which is also well known as the causative agent of HCC 
and human lymphomas. According to the reports, about 
2%–3% (130–170 million) of people worldwide have been 
infected with HCV. There is an 11.5-17-fold increase in 
the risk of HCC development in people with HCV in-
fection.69,70 In other words, the incidence risk of HCC 
is about 15–30% within 20 years.71,72 The HCV induces 
its oncolytic activity by encoding the oncoprotein called 
NS5A, which is able to bind to the p53 and suppress the 
transcription of p21WAF1.44,73 Furthermore, NS5A can 
affect Bax and prevent apoptosis by binding to the p53.74 
Moreover, this oncoprotein affects signal transduction, 
transcription, transformation, and ROS generation, re-
sulting in the upregulation of Bcl-XL and Cyclin-D. All 
these allow HCV to induce chronic liver inflammation by 
changing the cytokine profile and disrupting the balance 
between apoptosis and proliferation which results in can-
cer development.75,76

3   |   VIRUSES IN CANCER 
THERAPY

Virotherapy refers to using viruses to treat cancer that 
can find and destroy tumor cells specifically through dif-
ferent mechanisms without affecting normal cells. This 
method converts viruses into therapeutic agents by using 
biotechnology and reprogramming them to treat can-
cer. Virotherapy can be divided into three main groups, 
namely: (i) anticancer oncolytic viruses, (ii) viral vec-
tors for gene therapy, and (iii) viral immunotherapy. 
All these approaches are based on therapeutic methods, 
including overexpression of the specific genes, usage of 
RNA methods to silence or decrease the expression of 
cancerous genes called gene knockout, and usage of the 
virus as a vector to deliver the gene that induces apopto-
sis and death in tumor cells, also known as “suicide gene 
delivery.”

3.1  |  Oncolytic virotherapy

These viruses induce their anticancer activity through 
rapid reproduction within the cancerous cells that leads 
to membrane ruptures and destruction, then the release 
of antigens that result in easy recognition and stimula-
tion of the immune system to destroy the tumor cells.77,78 
Currently, oncolytic viruses attract more attention as ther-
apeutic agents in the treatment of cancer (Table 2).V
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One of the most significant challenges in conventional 
cancer therapy is the lack of selective toxicity toward 
tumor cells with no side effects on normal cells. Viruses 
have been chosen as a new therapeutic approach to over-
come this challenge due to their ability to target specific 
receptors that have overexpression on tumor cells that 
allow the selective entry of the virus. As an example, the 
measles virus can target the CD46 that has overexpres-
sion on multiple myeloma cells.79 Unbridled metabolism, 
as well as the rapid growth and division of tumor cells, 
make them a selective niche for many viruses, which is 
also advantageous for their replication, compared to non-
tumorous cells.77,78 Furthermore, cancer cells mostly have 
alterations during the transformation process, such as 
losing the innate antiviral response pathways that make 
them susceptible to many more viruses compared to their 
non-transformed cellular counterparts.

Furthermore, cancer cells often are not able to in-
duce antiviral responses, such as type I and II interfer-
ons (IFNs) or tumor necrosis factor (TNF).80 Newcastle 
disease virus (NDV) is well known as an RNA oncolytic 
virus that despite its cancerous nature exhibit anticancer 

activity and is able to selectively infects tumor cells.81,82 
Hepatitis B Virus (HBV) is another oncovirus that also 
exhibits anticancer activity by raising the expression of 
TERT, MLL4, and CCNE1, downregulating the intracellu-
lar level of tumor suppressor protein p53 and upregulating 
TGF-β.24–26,83 Oncolytic adenovirus is another example 
that probably induces cancer by hijacking the cell's cru-
cial prosses and inserting its own nucleic acid into the 
host cells. However, this virus is also the same as the NDV 
despite its nature, widely used in cancer therapy, and 
mostly needs to be engineered and modified84–86 (more 
information about them is explained in title 3.2.). Some 
of them are engineered for targeting the specific receptors 
of tumor cells. Newcastle disease virus, autonomous par-
vovirus, and reovirus are non-engineered viruses, while 
the adenovirus, herpes simplex, and vaccinia are some 
examples of the engineered viruses which have different 
abilities to lyse cells, activate the immune system, and 
transfer genes87–89 (Figure 2). The first oncolytic viral to 
be authorized by regulatory authorities for the therapy 
of cancer was RIGVIR, a non-pathogenic intestinal cyto-
pathic human orphan virus, which was approved in Latvia 

F I G U R E  2   Anticancer mechanism of viruses. Oncolytic viruses (OV) induce their anticancer activity through different mechanisms 
like direct infection and killing the tumor cell or indirectly via stimulating and recruitment of the host immune system. Moreover, oncolytic 
viruses combine with other anticancer strategies such as chemotherapy and HDACi that enhance the anticancer activity by stimulating the 
T-cell responses, inducing the apoptotic-related genes (Bax, Bak, and Bim), arresting the tumor cell cycle, and inhibiting the angiogenesis. In 
addition, they are widely used as a delivery vector for gene therapy and immunotherapy agents that result in eliciting the antitumor immune 
responses.
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in 2004 for the treatment of melanoma. The modified ade-
novirus H101 (Oncorine, recombinant human adenovirus 
type 5 injection, ankeri), which was authorized in China 
in 2005, has not yet gained international recognition for 
its therapeutic efficacy.90 After that in 2015, T-VEC for 
melanoma was the first oncolytic viral immunotherapy li-
censed by the US Food and Drug Administration (FDA) in 
2015. T-VEC (Imlygic®) is a modified herpes simplex virus 
(HSV) to produce the immune-stimulating GM-CSF pro-
tein in cancer cells and is less likely to infect healthy cells 
approved for certain subgroups of melanoma patients. It 
infects tumor cells and encourages their death. It is per-
mitted for specific melanoma patients.91 The approval of 
T-VEC for sale in Europe and Canada in 2016 signaled the 
development of oncolytic virus technology for the treat-
ment of cancer. Other oncolytic virus products are under-
going phase III/II clinical studies92 (Table 2).

3.2  |  Viral vector in cancer therapy

As viruses have an immunogenic nature, researchers can 
engineer their genetic materials to change them into non-
infectious strains, and then use these recombinant viruses 
to carry any transgenes for their expression in tumor cells. 
Different recombinant viruses can deliver and express the 
transgene in immune cells, such as antigen-presenting 
cells, most specifically dendritic cells, that stimulate the 
immune response toward tumor cells.93,94 This manner is 
considered a type of gene therapy because recombinant 
viruses can alter genes in targeted cells. In addition to the 
cancer cells, these recombinant viruses can also target 
the malfunctioning cells which are involved in genetic 
diseases.95,96 These recombinant viruses, which are also 
called viral vectors, can destroy the tumor cells directly 
or be used to stimulate tumor immune responses via the 
expression of tumor-specific antigens93 (Figure 2).

3.2.1  |  Viral gene therapy

Viral gene therapy is a radically new treatment that uses 
engineered viral vectors to deliver or introduce a foreign 
gene into the cancer cell. These modified viruses are used 
as delivery vehicles to introduce specific DNA sequences 
that encode genes and regulate RNAs (siRNAs), enzymes, 
antibodies, or other therapeutic substrates in the cancer-
ous cells.97 Viral vectors are widely used as delivery vehi-
cles of therapeutic agents due to their enhanced ability to 
permeate cells that are hard to access. All these features 
indicate that viral-vector gene therapies can be considered 
a method for treating a wide spectrum of immunogenic 
diseases and cancer by controlling and programming 

specific gene expression.98 In addition to controlling the 
expression of specific genes, virally engineered vectors are 
also used to turn off the gene in diseases caused by over-
expression. The three most common viruses are used as 
delivery vectors, including adeno-associated virus vectors 
(AAV), adenovirus vectors, and lentivirus vectors.99 The 
AAV vectors, as well as adenovirus vectors, are mostly 
used as delivery vectors for gene therapy through direct 
administration to the host. However, lentivirus vectors 
are used for ex vivo therapies which means that the har-
vested host cells are modified in the laboratory before 
transplantation.99

3.2.2  |  Viral immunotherapy

Viral immunotherapy is based on using viruses as de-
livery vehicles for immune-stimulating substances, like 
tumor-specific antigens, which help the host immune 
system recognize and fight tumor cells.78 Oncolytic ad-
enoviruses are among the most prevalent viruses used 
as a vehicle for cancer immunotherapy. A cytokine 
transgene, granulocyte–macrophage colony-stimulating 
factor (GMCSF), was recently added to the genome of an 
adenovirus, causing GMCSF production alongside virus 
replication. The production of GMCSF leads to the re-
cruitment and maturation of dendritic cells that cause 
oncolysis and the induction of T-cell responses by releas-
ing the tumor-specific antigens.100,101 In addition to the 
genetically engineered viruses, the attenuated or killed 
virus is also used to generate an immune response in the 
host cells, which is well known as the vaccine.102 These 
vaccines are another branch of viral immunotherapy 
and are different from the vaccines that work against 
viruses. These vaccines do not prevent the disease but 
instead, affect the development of immunity. Vaccines 
that are used in cancer therapy are made of parts of cells 
or pure antigens which are tumor-specific. Cancer vac-
cines are mostly used along with adjuvants which are 
well known as substances or cells that can help boost 
further immune response.103 Sipuleucel-T (Provenge) is 
an example of a cancer vaccine used to treat advanced 
prostate cancer. Talimogene laherparepvec is another 
vaccine that has been approved to treat advanced mela-
noma skin cancer.103 Chimeric antigen receptor T cells 
are also considered as another form of viral immuno-
therapy.104 This strategy is based on using genetically 
engineered T cells that can produce an artificial T-cell 
receptor that results in tumor cell killing. For this pur-
pose, T cells will be transduced to the viral vector with 
a gene encoding the engineered chimeric antigen recep-
tor after purification. To be safe, the most common viral 
vector used for this purpose is one created by integrating 
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Gammaretrovirus into Lentiviral and having a partial 
deletion on their U3 region.105

4   |   VIRUSES IN CANCER 
DIAGNOSIS

Imaging technologies, like CT and MRI, play an irre-
placeable role in cancer diagnosis; however, they are 
not effective in the primary identification of early stages 
of tumors and metastases. Currently, to overcome this 
challenge, oncolytic viruses are widely used to improve 
the efficacy of tumor imaging. The oncolytic viruses 
can selectively enter and replicate in tumor cells, carry 
specific genes, and express them into the tumor cells. 
Therefore, with the addition of genes, such as the lu-
ciferase reporter gene and human sodium iodine sym-
porter gene, they can be detectable via gene expression 
products, such as fluorescence.106 Fluorescence imag-
ing is one of the applications of oncolytic viruses in the 
field of the cancer diagnosis, which has higher accuracy 
and agility compared with the conventional diagnostic 
methods.106

Furthermore, the oncolytic viruses in the field of 
nuclear medical imaging have also attracted attention 
due to the reporter genes expressed in the tumor cells 
via these viruses that can acquire the exact location of 
tumor sites.107 The most common reporter genes are the 
human sodium iodine symporter gene, the thymidine 
kinase gene, and human type 2 somatostatin receptor 
gene. These viruses are detectable by different tech-
niques, such as optical molecular imaging, biolumines-
cence imaging, and fluorescence imaging, single-photon 
emission computerized tomography (SPECT) scanning, 
positron emission tomography scan, and magnetic reso-
nance imaging. All this evidence declares that using the 
oncolytic viruses in combination with conventional im-
aging methods increases the chance of tumor diagnosis 
in the early stages.107,108

5   |   VIRUS IN COMBINATION 
THERAPY

5.1  |  Viruses in combination with 
conventional cancer therapy

There are few but positive reports about using virother-
apy along with conventional therapies for cancer109–112 
(Table  3). Radiotherapy is one of the most commonly 
used cancer treatments, and it has a synergistic effect 
when combined with virotherapy agents such as onco-
lytic Herpes simplex virus (HSV).113–115 This synergistic 

effect is due to the GADD34 induced by radiation which 
can enhance viral promoters via p38 followed by on-
colytic HSV, leading to the blockage of the DNA re-
pair.116,117 In addition to the HSV, oncolytic vaccinia 
viruses can also improve the efficacy of radiotherapy 
through the inhibition of c-Jun N-terminal kinase sig-
nals. Furthermore, according to the reports, the vac-
cinia virus-scAb-vascular endothelial growth factor can 
improve radiotherapy efficacy by increasing tumor site 
sensitivity to radiation agents.118,119 In addition to radio-
therapy, chemotherapy is another conventional therapy 
that is used in combination with virotherapy. Cisplatin, 
5-fluorouracil (5-FU), doxorubicin, temozolomide, iri-
notecan, and paclitaxel are some examples of chemo-
therapy agents used along with viruses for the treatment 
of cancer.120–123 Different studies have revealed that this 
combination therapy, in addition to improving the an-
titumor effects, can also enhance safety and increase 
patient survival rates.124 The results of these studies 
demonstrate the synergistic effects of using the vac-
cinia virus along with paclitaxel, which can make cells 
enter the S phase of their cell cycle. That is the time the 
Vaccinia virus is more likely to infect cells.125 The pre-
clinical result of the combination therapy of sorafenib 
with oncolytic vaccinia virus demonstrates promising 
antitumor effects.126

Furthermore, the results of the clinical trial of this 
combination therapy on cancerous patients have indi-
cated an enhancement of the safety and clinical responses 
that also approve its systemic use in liver, kidney, and thy-
roid cancers. Besides, a few reports of using oncolytic vi-
rotherapy combined with immune checkpoint inhibitors, 
such as PD-1 or/and CTLA-4, result in immune response 
improvement.127,128 All these findings indicated that vi-
rotherapy agents could enhance the antitumor effects of 
conventional cancer therapy; however, further studies are 
needed in this regard (Figure 2).

5.2  |  Viruses in combination with 
epigenetic modulators

Histone deacetylases (HDACs) are enzymes that re-
move the acetyl groups from ε-N-acetyl-lysine residues 
on histones, resulting in histones tightly wrapping the 
DNA.129–132 These enzymes are known as epigenetic mod-
ulators, which also have anticancer activity by arresting 
the cell cycle and inhibiting the proliferation of cancer 
cells.133–137 Suberoylanilide hydroxamic acid (SAHA) is an 
HDAC class I and II inhibitors with anticancer activity by 
inhibiting tumor cell proliferation, decreasing pro-survival 
proteins (Bcr-Abl, c-raf, and protein kinase B), and upreg-
ulating cyclin-dependent kinase inhibitor p21, resulting in 
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cancer cell cycle arrest at the G1 phase.138,139 The FDA has 
approved the SAHA as a pan-HDAC inhibitor that also has 
anticancer activity by affecting apoptosis-related proteins, 
such as blocking Bcl-1 and Bcl-2 and increasing Bim, Bak, 
and Bax proteins.140–142 Adenoviruses, combined with 
SAHA, have anticancer activity by arresting the cell cycle 
at the G2 phase, inducing apoptosis, increasing the tumor 
necrosis factor, and inhibiting the upregulation of p50 and 
p65 subunits of the nuclear factor kappa B (NF-κB).143,144 
Rhabdoviridae is another oncolytic virotherapy agent used 
in combination with SAHA on prostate cancer cells. These 
two show antitumor activity by increasing the expression 
of NF-κB target genes, decreasing the IFN, and inducing 
apoptosis.145,146 Trichostatin A (TSA) is well known as a 
fungal antibiotic derived from Streptomyces hygroscopicus 
which also received FDA approval as a pan-HDAC inhibi-
tor. This antibiotic is also known as an epigenetic modula-
tor because it is able to block HDACs classes I and II.

Furthermore, TSA inhibits breast and prostate can-
cer growth by arresting the cell cycle and regulating 
apoptosis-associated proteins.147,148 Combination therapy 
with Herpesvirus and TSA on glioma and colorectal can-
cer has shown that these two agents have antitumor and 
antiangiogenesis activities by blocking VEGF and Cyclin 
D1 degradation.149–152 Furthermore, this combination 
therapy for oral squamous cell carcinoma shows antican-
cer activity through increasing the cytoplasmic NF-κB ac-
tivity.149 DNA methyltransferase (DNMTs) gene encodes 
the enzymes and is important in epigenetic regulation. 
Currently, it has been reported that DNA hypermethyla-
tion plays a fundamental role in cancer development.153,154 
DNA hypermethylation is widely reported in different 
types of cancer, including colon, breast, liver, bladder, 
ovarian, esophageal, prostate, and bone cancers.155–158 
Therefore, DNMT inhibitors (DNMTi) can be considered 
promising agents for cancer treatment. Azacitidine (5-
AZA) and decitabine (5-aza-20-deoxycytidine) are two of 
the most common examples of DNMTi that have received 
FDA approval for usage as treatments for acute myeloid 
leukemia and myelodysplastic syndrome. These two are 
well-known cytidine analogs that must be incorporated 
into the genome during the S phase in order to function. 
5-AZA can integrate with both DNA and RNA, whereas 
decitabine can only integrate with DNA.159 Different stud-
ies have used DNMTi in combination therapy for cancer 
with oncolytic viruses, which show strong stimulation 
of the immune responses as well as enhancement of the 
anticancer effects. Recent reports have demonstrated 
that combination therapy of oncolytic HSV-1 with 5-aza 
can synergistically induce apoptosis in glioma tumors, 
increasing the survival rate in mice bearing orthotopic 
human gliomas.160 According to one study, combining 

Rhabdoviridae with DNMTi increased anticancer activ-
ity and resulted in tumor remission in 70% of the cases161 
(Table 4).

5.3  |  Viruses in combination 
with microRNAs

MicroRNAs (miRNAs) are well known as small non-coding 
RNA molecules with regulatory roles affecting the expres-
sion of numerous gene networks at the post-transcriptional 
level.162 Furthermore, the molecules with lengths of about 
22 nucleotides are involved in various cellular functions, 
such as proliferation, metabolism, cell death, migration, 
and cell cycle; therefore, any dysregulation of miRNAs 
leads to tumorigenesis and cancer-related processes.163–165 
Current studies focus on miRNA-based oncolytic virother-
apy for cancer. In this manner, target sequences of miRNAs 
have been integrated into the genome of the virus, enhanc-
ing the safety profile of viral agents, and improving their 
anticancer efficacy by regulating the viral proteins. Several 
studies used the downregulation of specific miRNAs to im-
prove the specificity of oncolytic virotherapy agents toward 
tumor cells and decrease their toxicity. For this purpose, 
synthetic target sequences complementary to specific miR-
NAs were inserted into the untranslated regions (UTRs) 
that are essential for viral replication. This method causes 
the degradation of the viral genome in normal tissues but 
not in cancerous tissues.166–168

In a study, a complementary target sequence to the 
miRNA-145 was integrated into the 3’ UTR of the ICP27 
gene that plays a role in encoding the glycoprotein of 
oncolytic HSV-1. The aforementioned study showed that 
this insertion enhanced the selectivity of killing HSV-1 
for NSCLC tumor cells compared with normal cells.169 
Another study demonstrated that combination therapy 
using miR-122 as hepatic-specific miRNAs and onco-
lytic adenovirus could significantly counteract hepato-
toxicity and enhance the virus specificity for different 
types of cancer cells.170 The serotype 5 adenovirus (Ad5) 
is another oncolytic viral therapy for cancer that is used 
with miRNA. In this study, eight target sequences of the 
miR-148a/miR-152 family were inserted into the Ad5 
genome downstream of the E1A gene. The result of this 
study demonstrated that this modification decreased the 
adenoviral infection in healthy pancreatic tissue, while 
enhancing the anticancer effect of the virus on pan-
creatic cancerous tissues.171 Coxsackievirus B3 is also 
modified with miRNA to increase tumor specificity.172 
In a study, complementary target sequences of miR-34a 
were inserted into the 30 UTR and 50 UTR of the cox-
sackievirus B3 genome which is called 53a-CVB. This 
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recombinant virus, with no toxicity for healthy tissues 
has strong anticancer activity in lung cancer cells173 
(Table 5).

6   |   CONCLUSION

Because traditional cancer therapies such as chemother-
apy, surgery, and even radiotherapy have limitations and 
have a number of negative side effects on patients, there 
is still a need for an effective treatment. In the search for 
novel effective anticancer therapies, virotherapy attracts 
attention due to its unique advantages, such as its lack of 
cross-resistance with standard therapeutic agents and its 
great potential for tumor suppression through a different 
mechanism which can also specifically enter and be repli-
cated within the tumor microenvironment.174 Despite the 
excellent and promising results of clinical trials using vi-
rotherapy agents in the treatment of various cancers, this 
novel therapy, like other therapeutic approaches, faced 
challenges. The challenges included the infectious nature 
of the virus, the determination of a delivery platform, an 
effective dose, and antiviral immunity.175 Currently, ge-
netic engineering is used to eliminate the toxicity of vi-
ruses that are supposed to be used in cancer treatment and 
enhance their therapeutic effects.176 The combination of 
virotherapy agents with conventional therapies is another 
solution that results in enhanced anticancer effects with-
out cross-resistance and also allows using lower doses of 
the virus, resulting in a reduction in virus toxicity for nor-
mal cells.

Moreover, in the case of solid tumors with high mu-
tational burdens which are also not easy to access, it is 
hard to achieve a cure with a single therapy. Therefore, 
combination therapy using virotherapy agents along with 
conventional therapies can improve the outcomes.177–179 
In addition, genetic technology allows viruses to be used 
as a vector for the target delivery of anticancer therapeu-
tic agents. These findings suggest the combination ther-
apy of using a virotherapy agent along with conventional 
therapy is an excellent choice for treating the malignancy. 
However, further studies are needed in this field to de-
velop the viruses as anticancer therapeutic agents in the 
future.

AUTHOR CONTRIBUTIONS
Hossein Javid: Conceptualization (equal); project ad-
ministration (equal); supervision (lead); writing – origi-
nal draft (lead); writing – review and editing (lead). 
Alireza Sharbaf Mashhad: Investigation (equal); writ-
ing – original draft (equal); writing – review and editing 
(equal). Shaghayegh Yazdani: Investigation (equal); 
validation (equal); writing – original draft (equal); 

writing – review and editing (equal). Mahsa Akbari 
Oryani: Investigation (equal); writing – original draft 
(equal); writing – review and editing (equal). Sanaz 
Akbari: Investigation (equal); writing – original draft 
(equal); writing – review and editing (equal). nasta-
ran rezagholinejad: Investigation (equal); validation 
(equal); writing – original draft (equal); writing – review 
and editing (equal). Mahboubeh Tajaldini: Writing 
– original draft (equal); writing – review and editing 
(equal). Mehdi Karimi-Shahri: Investigation (lead); 
supervision (lead); validation (lead); writing – original 
draft (lead); writing – review and editing (lead).

FUNDING INFORMATION
Funding information is not applicable/no funding was 
received.

CONFLICT OF INTEREST STATEMENT
On behalf of all authors, the corresponding author states 
that there is no conflict of interest.

DATA AVAILABILITY STATEMENT
Data sharing is not applicable to this article as no datasets 
were generated or analyzed during the current study.

ETHICS APPROVAL
Ethics approval for this type of article (A review) is not 
applicable.

ORCID
Hossein Javid   https://orcid.org/0000-0002-2248-7708 
Sanaz Akbari   https://orcid.org/0000-0003-2548-9431 
Mehdi Karimi-Shahri   https://orcid.
org/0000-0003-4910-3134 

REFERENCES
	 1.	 Giaquinto AN, Sung H, Miller KD, et al. Breast Cancer Statistics, 

2022. CA: Cancer J Clin. 2022;72(6):524-541.
	 2.	 Arnold M, Morgan E, Rumgay H, et al. Current and future bur-

den of breast cancer: global statistics for 2020 and 2040. Breast. 
2022;66:15-23.

	 3.	 Arruebo M, Vilaboa N, Sáez-Gutierrez B, et al. Assessment 
of the evolution of cancer treatment therapies. Cancer. 
2011;3(3):3279-3330.

	 4.	 Mathis T, Jardel P, Loria O, et al. New concepts in the diagnosis 
and management of choroidal metastases. Prog Retin Eye Res. 
2019;68:144-176.

	 5.	 Alvandi N, Rajabnejad M, Taghvaei Z, Esfandiari N. New gener-
ation of viral nanoparticles for targeted drug delivery in cancer 
therapy. J Drug Target. 2022;30(2):151-165.

	 6.	 Siegel RL, Miller KD, Jemal A. Cancer statistics, 2016. CA 
Cancer J Clin. 2016;66(1):7-30.

	 7.	 Iwai Y, Hamanishi J, Chamoto K, Honjo T. Cancer immuno-
therapies targeting the PD-1 signaling pathway. J Biomed Sci. 
2017;24(1):1-11.

https://orcid.org/0000-0002-2248-7708
https://orcid.org/0000-0002-2248-7708
https://orcid.org/0000-0003-2548-9431
https://orcid.org/0000-0003-2548-9431
https://orcid.org/0000-0003-4910-3134
https://orcid.org/0000-0003-4910-3134
https://orcid.org/0000-0003-4910-3134


      |  11143JAVID et al.

	 8.	 Propper DJ, Balkwill FR. Harnessing cytokines and chemok-
ines for cancer therapy. Nat Rev Clin Oncol. 2022;19(4):237-253.

	 9.	 Berois N, Pittini A, Osinaga E. Targeting tumor glycans for can-
cer therapy: successes, limitations, and perspectives. Cancer. 
2022;14(3):645.

	10.	 Doniņa S, Strēle I, Proboka G, et al. Adapted ECHO-7 virus 
Rigvir immunotherapy (oncolytic virotherapy) prolongs sur-
vival in melanoma patients after surgical excision of the tu-
mour in a retrospective study. Melanoma Res. 2015;25(5):421.

	11.	 Alberts P, Olmane E, Brokāne L, et al. Long-term treatment 
with the oncolytic ECHO-7 virus Rigvir of a melanoma stage IV 
M1c patient, a small cell lung cancer stage IIIA patient, and a 
histiocytic sarcoma stage IV patient-three case reports. APMIS. 
2016;124(10):896-904.

	12.	 Macdonald SJ, Mostafa HH, Morrison LA, Davido DJ. Genome 
sequence of herpes simplex virus 1 strain McKrae. J Virol. 
2012;86(17):9540-9541.

	13.	 Ban W, Guan J, Huang H, et al. Emerging systemic delivery 
strategies of oncolytic viruses: a key step toward cancer immu-
notherapy. Nano Res. 2022;15(5):4137-4153.

	14.	 Goldszmid RS, Dzutsev A, Trinchieri G. Host immune response 
to infection and cancer: unexpected commonalities. Cell Host 
Microbe. 2014;15(3):295-305.

	15.	 Zur HH. Viruses in human cancers. Science. 1991;254(5035):​
1167-1173.

	16.	 Dalstein V, Riethmuller D, Prétet JL, et al. Persistence and 
load of high-risk HPV are predictors for development of high-
grade cervical lesions: a longitudinal French cohort study. Int J 
Cancer. 2003;106(3):396-403.

	17.	 Chen C-J, Yang H-I, Su J, et al. Risk of hepatocellular carci-
noma across a biological gradient of serum hepatitis B virus 
DNA level. JAMA. 2006;295(1):65-73.

	18.	 HB E–S, Rudolph KL. Hepatocellular carcinoma: epide-
miology and molecular carcinogenesis. Gastroenterology. 
2007;132(7):2557-2576.

	19.	 Perz JF, Armstrong GL, Farrington LA, Hutin YJ, Bell BP. 
The contributions of hepatitis B virus and hepatitis C virus 
infections to cirrhosis and primary liver cancer worldwide. J 
Hepatol. 2006;45(4):529-538.

	20.	 Brechot C, Pourcel C, Louise A, Rain B, Tiollais P. Presence of 
integrated hepatitis B virus DNA sequences in cellular DNA 
of human hepatocellular carcinoma. Nature. 1980;286(5772):​
533-535.

	21.	 Shafritz DA, Shouval D, Sherman HI, Hadziyannis SJ, Kew MC. 
Integration of hepatitis B virus DNA into the genome of liver 
cells in chronic liver disease and hepatocellular carcinoma: 
studies in percutaneous liver biopsies and post-mortem tissue 
specimens. N Engl J Med. 1981;305(18):1067-1073.

	22.	 Lee J, Kim D-H, Lee S, et al. A tumor suppressive coactivator 
complex of p53 containing ASC-2 and histone H3-lysine-4 
methyltransferase MLL3 or its paralogue MLL4. Proc Natl Acad 
Sci. 2009;106(21):8513-8518.

	23.	 Sung W-K, Zheng H, Li S, et al. Genome-wide survey of recur-
rent HBV integration in hepatocellular carcinoma. Nat Genet. 
2012;44(7):765-769.

	24.	 Lee SG, Rho HM. Transcriptional repression of the human p53 
gene by hepatitis B viral X protein. Oncogene. 2000;19(3):468-471.

	25.	 Feitelson MA, Lee J. Hepatitis B virus integration, fragile sites, 
and hepatocarcinogenesis. Cancer Lett. 2007;252(2):157-170.

	26.	 Wang HC, Huang W, Lai MD, Su IJ. Hepatitis B virus pre-S mu-
tants, endoplasmic reticulum stress and hepatocarcinogenesis. 
Cancer Sci. 2006;97(8):683-688.

	27.	 Javid H, Afshari AR, Zahedi Avval F, Asadi J, Hashemy SI. 
Aprepitant promotes caspase-dependent apoptotic cell death 
and G2/M arrest through PI3K/Akt/NF-κB axis in cancer stem-
like esophageal squamous cell carcinoma spheres. Biomed Res 
Int. 2021;2021:8808214.

	28.	 Javid H, Asadi J, Zahedi Avval F, Afshari AR, Hashemy SI. The 
role of substance P/neurokinin 1 receptor in the pathogenesis 
of esophageal squamous cell carcinoma through constitutively 
active PI3K/Akt/NF-κB signal transduction pathways. Mol Biol 
Rep. 2020;47(3):2253-2263.

	29.	 Calleja-Macias IE, Kalantari M, Allan B, et al. Papillomavirus 
subtypes are natural and old taxa: phylogeny of human 
papillomavirus types 44 and 55 and 68a and-b. J Virol. 
2005;79(10):6565-6569.

	30.	 Parkin DM, Bray F. The burden of HPV-related cancers. 
Vaccine. 2006;24:S11-S25.

	31.	 Gultekin M, Ramirez PT, Broutet N, Hutubessy R. World 
Health Organization call for action to eliminate cervical cancer 
globally. Int J Gynecol Cancer. 2020;30(4):426-427.

	32.	 Clifford GM, Rana RK, Franceschi S, Smith JS, Gough G, 
Pimenta JM. Human papillomavirus genotype distribution in 
low-grade cervical lesions: comparison by geographic region 
and with cervical cancer. Cancer Epidemiol Biomarkers Prev. 
2005;14(5):1157-1164.

	33.	 Viens LJ, Henley SJ, Watson M, et al. Human papillomavirus–
associated cancers—United States, 2008–2012. Morb Mortal 
Wkly Rep. 2016;65(26):661-666.

	34.	 Pett MR, Herdman MT, Palmer RD, et al. Selection of cervical 
keratinocytes containing integrated HPV16 associates with 
episome loss and an endogenous antiviral response. Proc Natl 
Acad Sci. 2006;103(10):3822-3827.

	35.	 Peitsaro P, Hietanen S, Johansson B, Lakkala T, Syrjänen S. 
Single copy heterozygote integration of HPV 33 in chromo-
somal band 5p14 is found in an epithelial cell clone with selec-
tive growth advantage. Carcinogenesis. 2002;23(6):1057-1064.

	36.	 von Knebel DM. New markers for cervical dysplasia to visualise 
the genomic chaos created by aberrant oncogenic papillomavi-
rus infections. Eur J Cancer. 2002;38(17):2229-2242.

	37.	 Pett M, Coleman N. Integration of high-risk human papil-
lomavirus: a key event in cervical carcinogenesis? J Pathol. 
2007;212(4):356-367.

	38.	 Gonzalez SL, Stremlau M, He X, Basile JR, Münger K. 
Degradation of the retinoblastoma tumor suppressor by the 
human papillomavirus type 16 E7 oncoprotein is important for 
functional inactivation and is separable from proteasomal deg-
radation of E7. J Virol. 2001;75(16):7583-7591.

	39.	 Wei L, Gravitt PE, Song H, Maldonado AM, Ozbun MA. 
Nitric oxide induces early viral transcription coincident 
with increased DNA damage and mutation rates in human 
papillomavirus–infected cells. Cancer Res. 2009;69(11):​
4878-4884.

	40.	 Ziech D, Franco R, Pappa A, Panayiotidis MI. Reactive oxygen 
species (ROS)––induced genetic and epigenetic alterations in 
human carcinogenesis. Mutat Res. 2011;711(1–2):167-173.

	41.	 Williams VM, Filippova M, Filippov V, Payne KJ, Duerksen-
Hughes P. Human papillomavirus type 16 E6* induces oxida-
tive stress and DNA damage. J Virol. 2014;88(12):6751-6761.



11144  |      JAVID et al.

	42.	 Feng H, Shuda M, Chang Y, Moore PS. Clonal integration of 
a polyomavirus in human Merkel cell carcinoma. Science. 
2008;319(5866):1096-1100.

	43.	 Shuda M, Feng H, Kwun HJ, et al. T antigen mutations are a 
human tumor-specific signature for Merkel cell polyomavirus. 
Proc Natl Acad Sci. 2008;105(42):16272-16277.

	44.	 Tsai W, Chung R. Viral hepatocarcinogenesis. Oncogene. 
2010;29(16):2309-2324.

	45.	 Chang MS, Kim WH. Epstein-Barr virus in human malignancy: 
a special reference to Epstein-Barr virus associated gastric car-
cinoma. Cancer Res Treat. 2005;37(5):257.

	46.	 Young LS, Rickinson AB. Epstein–Barr virus: 40 years on. Nat 
Rev Cancer. 2004;4(10):757-768.

	47.	 Xu M, Zhang W-L, Zhu Q, et al. Genome-wide profiling of 
Epstein-Barr virus integration by targeted sequencing in Epstein-
Barr virus associated malignancies. Theranostics. 2019;9(4):1115.

	48.	 Young LS, Dawson CW. Epstein-Barr virus and nasopharyngeal 
carcinoma. Chin J Cancer. 2014;33(12):581.

	49.	 Mesri EA, Cesarman E, Boshoff C. Kaposi's sarcoma herpesvi-
rus/human herpesvirus-8 (KSHV/HHV8), and the oncogenesis 
of Kaposi's sarcoma. Nat Rev Cancer. 2010;10(10):707.

	50.	 Goncalves PH, Ziegelbauer J, Uldrick TS, Yarchoan R. Kaposi-
sarcoma herpesvirus associated cancers and related diseases. 
Curr Opin HIV AIDS. 2017;12(1):47-56.

	51.	 Baresova P, Pitha PM, Lubyova B. Distinct roles of Kaposi's 
sarcoma-associated herpesvirus-encoded viral interferon reg-
ulatory factors in inflammatory response and cancer. J Virol. 
2013;87(17):9398-9410.

	52.	 Vilchez RA, Butel JS. Emergent human pathogen simian virus 
40 and its role in cancer. Clin Microbiol Rev. 2004;17(3):495-508.

	53.	 Tornesello ML, Annunziata C, Tornesello AL, Buonaguro L, 
Buonaguro FM. Human oncoviruses and p53 tumor suppressor 
pathway deregulation at the origin of human cancers. Cancer. 
2018;10(7):213.

	54.	 Ali SH, DeCaprio JA. Cellular transformation by SV40 large 
T antigen: interaction with host proteins. Seminars in Cancer 
Biology. Elsevier; 2001.

	55.	 Toyooka S, Carbone M, Toyooka KO, et al. Progressive aberrant 
methylation of the RASSF1A gene in simian virus 40 infected 
human mesothelial cells. Oncogene. 2002;21(27):4340-4344.

	56.	 Toyooka S, Pass HI, Shivapurkar N, et al. Aberrant methylation 
and simian virus 40 tag sequences in malignant mesothelioma. 
Cancer Res. 2001;61(15):5727-5730.

	57.	 Cacciotti P, Libener R, Betta P, et al. SV40 replication in human 
mesothelial cells induces HGF/met receptor activation: a model 
for viral-related carcinogenesis of human malignant mesotheli-
oma. Proc Natl Acad Sci. 2001;98(21):12032-12037.

	58.	 Bocchetta M, Miele L, Pass HI, Carbone M. Notch-1 induction, a 
novel activity of SV40 required for growth of SV40-transformed 
human mesothelial cells. Oncogene. 2003;22(1):81-89.

	59.	 Carbone M, Pass H, Miele L, Bocchetta M. New developments 
about the association of SV40 with human mesothelioma. 
Oncogene. 2003;22(33):5173-5180.

	60.	 Shi Y, Dodson GE, Shaikh S, Rundell K, Tibbetts RS. 
Ataxia-telangiectasia-mutated (ATM) is a T-antigen kinase 
that controls SV40 viral replication in vivo. J Biol Chem. 
2005;280(48):40195-40200.

	61.	 Hein J, Boichuk S, Wu J, et al. Simian virus 40 large T antigen 
disrupts genome integrity and activates a DNA damage re-
sponse via Bub1 binding. J Virol. 2009;83(1):117-127.

	62.	 Ishitsuka K, Tamura K. Human T-cell leukaemia virus type 
I and adult T-cell leukaemia-lymphoma. Lancet Oncol. 
2014;15(11):e517-e526.

	63.	 Matsuoka M, Yasunaga J-i. Human T-cell leukemia virus type 
1: replication, proliferation and propagation by tax and HTLV-1 
bZIP factor. Curr Opin Virol. 2013;3(6):684-691.

	64.	 Baydoun HH, Bai XT, Shelton S, Nicot C. HTLV-I tax increases 
genetic instability by inducing DNA double strand breaks 
during DNA replication and switching repair to NHEJ. PLoS 
One. 2012;7(8):e42226.

	65.	 Matsuoka M, Green PL. The HBZ gene, a key player in HTLV-1 
pathogenesis. Retrovirology. 2009;6(1):1-8.

	66.	 Satou Y, Yasunaga J-i, Zhao T, et al. HTLV-1 bZIP factor induces 
T-cell lymphoma and systemic inflammation in vivo. PLoS 
Pathog. 2011;7(2):e1001274.

	67.	 Satou Y, Yasunaga J-I, Yoshida M, Matsuoka M. HTLV-I basic 
leucine zipper factor gene mRNA supports proliferation of adult 
T cell leukemia cells. Proc Natl Acad Sci. 2006;103(3):720-725.

	68.	 Arnold J, Zimmerman B, Li M, Lairmore MD, Green PL. 
Human T-cell leukemia virus type-1 antisense-encoded gene, 
Hbz, promotes T-lymphocyte proliferation. Blood. 2008;112(9):​
3788-3797.

	69.	 Schillie S, Wester C, Osborne M, Wesolowski L, Ryerson AB. 
CDC recommendations for hepatitis C screening among 
adults—United States, 2020. MMWR Recomm Rep. 2020;69(2):1.

	70.	 Negro F, Alberti A. The Global Health Burden of Hepatitis C 
Virus Infection. Wiley Online Library; 2011.

	71.	 Axley P, Ahmed Z, Ravi S, Singal AK. Hepatitis C virus and 
hepatocellular carcinoma: a narrative review. J Clin Transl 
Hepatol. 2018;6(1):79.

	72.	 Goossens N, Hoshida Y. Hepatitis C virus-induced hepatocellu-
lar carcinoma. Clin Mol Hepatol. 2015;21(2):105.

	73.	 Lan K-H, Sheu M-L, Hwang S-J, et al. HCV NS5A interacts 
with p53 and inhibits p53-mediated apoptosis. Oncogene. 
2002;21(31):4801-4811.

	74.	 Chung YL, Sheu ML, Yen SH. Hepatitis C virus NS5A as a 
potential viral Bcl-2 homologue interacts with Bax and in-
hibits apoptosis in hepatocellular carcinoma. Int J Cancer. 
2003;107(1):65-73.

	75.	 Yoshida T, Hanada T, Tokuhisa T, et al. Activation of STAT3 by 
the hepatitis C virus core protein leads to cellular transforma-
tion. J Exp Med. 2002;196(5):641-653.

	76.	 Wyżewski Z, Świtlik W, Mielcarska MB, Gregorczyk-Zboroch 
KP. The role of Bcl-xL protein in viral infections. Int J Mol Sci. 
2021;22(4):1956.

	77.	 Engeland CE, Bell JC. Introduction to oncolytic virotherapy. 
Methods Mol Biol. 2020;2058:1-6.

	78.	 Lawler SE, Speranza M-C, Cho C-F, Chiocca EA. Oncolytic 
viruses in cancer treatment: a review. JAMA Oncol. 
2017;3(6):841-849.

	79.	 Ong HT, Timm MM, Greipp PR, et al. Oncolytic measles virus 
targets high CD46 expression on multiple myeloma cells. Exp 
Hematol. 2006;34(6):713-720.

	80.	 Bartee E, Mohamed MR, McFadden G. Tumor necrosis factor 
and interferon: cytokines in harmony. Curr Opin Microbiol. 
2008;11(4):378-383.

	81.	 Kan X, Yin Y, Song C, et al. Newcastle-disease-virus-induced 
ferroptosis through nutrient deprivation and ferritinophagy in 
tumor cells. iScience. 2021;24(8):102837.



      |  11145JAVID et al.

	82.	 Tian L, Liu T, Jiang S, et al. Oncolytic Newcastle disease virus 
expressing the co-stimulator OX40L as immunopotentiator for 
colorectal cancer therapy. Gene Ther. 2023;30(1):64-74.

	83.	 Kremsdorf D, Soussan P, Paterlini-Brechot P, Brechot C. 
Hepatitis B virus-related hepatocellular carcinoma: para-
digms for viral-related human carcinogenesis. Oncogene. 
2006;25(27):3823-3833.

	84.	 Tripodi L, Vitale M, Cerullo V, Pastore L. Oncolytic adenovi-
ruses for cancer therapy. Int J Mol Sci. 2021;22(5):2517.

	85.	 Mantwill K, Klein FG, Wang D, et al. Concepts in oncolytic ad-
enovirus therapy. Int J Mol Sci. 2021;22(19):10522.

	86.	 Ghanaat M, Goradel NH, Arashkia A, et al. Virus against 
virus: strategies for using adenovirus vectors in the treat-
ment of HPV-induced cervical cancer. Acta Pharmacol Sin. 
2021;42(12):1981-1990.

	87.	 Mullen JT, Tanabe KK. Viral oncolysis. Oncologist. 
2002;7(2):106-119.

	88.	 Olijslagers S, Dege AY, Dinsart C, et al. Potentiation of a recom-
binant oncolytic parvovirus by expression of apoptin. Cancer 
Gene Ther. 2001;8(12):958-965.

	89.	 Hirasawa K, Nishikawa SG, Norman KL, et al. Systemic reovi-
rus therapy of metastatic cancer in immune-competent mice. 
Cancer Res. 2003;63(2):348-353.

	90.	 Garber K. China approves world's first oncolytic virus therapy 
for cancer treatment. J Natl Cancer Inst. 2006;98(5):298-300.

	91.	 Bommareddy PK, Patel A, Hossain S, Kaufman HL. Talimogene 
laherparepvec (T-VEC) and other oncolytic viruses for the treat-
ment of melanoma. Am J Clin Dermatol. 2017;18(1):1-15.

	92.	 Coffin R. Interview with Robert Coffin, inventor of T-VEC: the 
first oncolytic immunotherapy approved for the treatment of 
cancer. Immunotherapy. 2016;8(2):103-106.

	93.	 Larocca C, Schlom J. Viral vector–based therapeutic cancer vac-
cines. Cancer J. 2011;17(5):359.

	94.	 Brentville VA, Atabani S, Cook K, Durrant LG. Novel tumour 
antigens and the development of optimal vaccine design. Ther 
Adv Vaccines Immunother. 2018;6(2):31-47.

	95.	 Sasmita AO. Current viral-mediated gene transfer research for 
treatment of Alzheimer's disease. Biotechnol Genet Eng Rev. 
2019;35(1):26-45.

	96.	 Hacein-Bey-Abina S, Hauer J, Lim A, et al. Efficacy of gene 
therapy for X-linked severe combined immunodeficiency. N 
Engl J Med. 2010;363(4):355-364.

	97.	 Young LS, Searle PF, Onion D, Mautner V. Viral gene therapy 
strategies: from basic science to clinical application. J Pathol. 
2006;208(2):299-318.

	98.	 Patil SD, Rhodes DG, Burgess DJ. DNA-based therapeutics 
and DNA delivery systems: a comprehensive review. AAPS J. 
2005;7(1):E61-E77.

	99.	 Bulcha JT, Wang Y, Ma H, Tai PW, Gao G. Viral vector platforms 
within the gene therapy landscape. Signal Transduct Target 
Ther. 2021;6(1):1-24.

	100.	 Cerullo V, Pesonen S, Diaconu I, et al. Oncolytic adenovirus 
coding for granulocyte macrophage colony-stimulating factor 
induces antitumoral immunity in cancer patients. Cancer Res. 
2010;70(11):4297-4309.

	101.	Kanerva A, Nokisalmi P, Diaconu I, et al. Antiviral and antitu-
mor T-cell immunity in patients treated with GM-CSF–coding 
oncolytic adenovirus. Clin Cancer Res. 2013;19(10):2734-2744.

	102.	 Liu JK. Anti-cancer vaccines—a one-hit wonder? Yale J Biol 
Med. 2014;87(4):481.

	103.	 Emens LA. Cancer vaccines: on the threshold of success. Expert 
Opin Emerg Drugs. 2008;13(2):295-308.

	104.	 Dunbar CE, High KA, Joung JK, Kohn DB, Ozawa K, Sadelain 
M. Gene therapy comes of age. Science. 2018;359:6372.

	105.	 Jin C, Fotaki G, Ramachandran M, Nilsson B, Essand M, Yu 
D. Safe engineering of CAR T cells for adoptive cell therapy of 
cancer using long-term episomal gene transfer. EMBO mol Med. 
2016;8(7):702-711.

	106.	 Rojas JJ, Thorne SH. Theranostic potential of oncolytic vaccinia 
virus. Theranostics. 2012;2(4):363.

	107.	 Touchefeu Y, Franken P, Harrington KJ. Radiovirotherapy: 
principles and prospects in oncology. Curr Pharm des. 
2012;18(22):3313-3320.

	108.	 Hickson J. In vivo optical imaging: preclinical applications and 
considerations. Urol Oncol. 2009;27(3):295-297.

	109.	 Chen Y, DeWeese T, Dilley J, et al. CV706, a prostate cancer-
specific adenovirus variant, in combination with radiotherapy 
produces synergistic antitumor efficacy without increasing tox-
icity. Cancer Res. 2001;61(14):5453-5460.

	110.	 Lamfers ML, Grill J, Dirven CM, et al. Potential of the condi-
tionally replicative adenovirus Ad5-Δ24RGD in the treatment 
of malignant gliomas and its enhanced effect with radiother-
apy. Cancer Res. 2002;62(20):5736-5742.

	111.	 Dilley J, Reddy S, Ko D, et al. Oncolytic adenovirus CG7870 in 
combination with radiation demonstrates synergistic enhance-
ments of antitumor efficacy without loss of specificity. Cancer 
Gene Ther. 2005;12(8):715-722.

	112.	 Idema S, Lamfers ML, Van Beusechem VW, et al. AdΔ24 and 
the p53-expressing variant AdΔ24-p53 achieve potent anti-
tumor activity in glioma when combined with radiotherapy. J 
Gene Med. 2007;9(12):1046-1056.

	113.	 Adusumilli PS, Chan M-K, Hezel M, et al. Radiation-induced 
cellular DNA damage repair response enhances viral gene ther-
apy efficacy in the treatment of malignant pleural mesotheli-
oma. Ann Surg Oncol. 2007;14(1):258-269.

	114.	 Blank SV, Rubin SC, Coukos G, Amin KM, Albelda SM, Molnar-
Kimber KL. Replication-selective herpes simplex virus type 1 
mutant therapy of cervical cancer is enhanced by low-dose ra-
diation. Hum Gene Ther. 2002;13(5):627-639.

	115.	 Dai M, Zamarin D, Gao S, et al. Synergistic action of oncolytic 
herpes simplex virus and radiotherapy in pancreatic cancer cell 
lines. Br J Sur. 2010;97(9):1385-1394.

	116.	 Mezhir JJ, Advani SJ, Smith KD, et al. Ionizing radiation acti-
vates late herpes simplex virus 1 promoters via the p38 path-
way in tumors treated with oncolytic viruses. Cancer Res. 
2005;65(20):9479-9484.

	117.	 Hadjipanayis CG, DeLuca NA. Inhibition of DNA repair by a 
herpes simplex virus vector enhances the radiosensitivity of 
human glioblastoma cells. Cancer Res. 2005;65(12):5310-5316.

	118.	 Buckel L, Advani SJ, Frentzen A, et al. Combination of frac-
tionated irradiation with anti-VEGF expressing vaccinia virus 
therapy enhances tumor control by simultaneous radiosen-
sitization of tumor associated endothelium. Int J Cancer. 
2013;133(12):2989-2999.

	119.	 Young BA, Spencer JF, Ying B, Toth K, Wold WS. The effects of ra-
diation on antitumor efficacy of an oncolytic adenovirus vector in 
the Syrian hamster model. Cancer Gene Ther. 2013;20(9):531-537.

	120.	 Whitmire JK. Induction and function of virus-specific CD4+ T 
cell responses. Virology. 2011;411(2):216-228.



11146  |      JAVID et al.

	121.	 Naik JD, Twelves CJ, Selby PJ, Vile RG, Chester JD. Immune 
recruitment and therapeutic synergy: keys to optimizing onco-
lytic viral therapy? Clin Cancer Res. 2011;17(13):4214-4224.

	122.	 Lemarie A, Bourdonnay E, Morzadec C, Fardel O, Vernhet L. 
Inorganic arsenic activates reduced NADPH oxidase in human 
primary macrophages through a Rho kinase/p38 kinase path-
way. J Immunol. 2008;180(9):6010-6017.

	123.	 Prestwich RJ, Errington F, Ilett EJ, et al. Tumor infection by 
oncolytic reovirus primes adaptive antitumor immunity. Clin 
Cancer Res. 2008;14(22):7358-7366.

	124.	 Liikanen I, Ahtiainen L, Hirvinen ML, et al. Oncolytic ad-
enovirus with temozolomide induces autophagy and an-
titumor immune responses in cancer patients. Mol Ther. 
2013;21(6):1212-1223.

	125.	 Huang B, Sikorski R, Kirn D, Thorne S. Synergistic anti-
tumor effects between oncolytic vaccinia virus and paclitaxel 
are mediated by the IFN response and HMGB1. Gene Ther. 
2011;18(2):164-172.

	126.	 Heo J, Breitbach CJ, Moon A, et al. Sequential therapy with JX-
594, a targeted oncolytic poxvirus, followed by sorafenib in he-
patocellular carcinoma: preclinical and clinical demonstration 
of combination efficacy. Mol Ther. 2011;19(6):1170-1179.

	127.	 Rajani K, Parrish C, Kottke T, et al. Combination therapy 
with reovirus and anti-PD-1 blockade controls tumor growth 
through innate and adaptive immune responses. Mol Ther. 
2016;24(1):166-174.

	128.	 Zamarin D, Holmgaard RB, Subudhi SK, et al. Localized on-
colytic virotherapy overcomes systemic tumor resistance to 
immune checkpoint blockade immunotherapy. Sci Transl Med. 
2014;6(226):226ra32.

	129.	 Li G, Tian Y, Zhu W-G. The roles of histone deacetylases 
and their inhibitors in cancer therapy. Front Cell Dev Biol. 
2020;8:1004.

	130.	 Verza FA, Das U, Fachin AL, Dimmock JR, Marins M. Roles 
of histone deacetylases and inhibitors in anticancer therapy. 
Cancer. 2020;12(6):1664.

	131.	 Milazzo G, Mercatelli D, Di Muzio G, et al. Histone deacetylases 
(HDACs): evolution, specificity, role in transcriptional complexes, 
and pharmacological actionability. Genes. 2020;11(5):556.

	132.	 Nehme Z, Pasquereau S, Herbein G. Control of viral infections 
by epigenetic-targeted therapy. Clin Epigenetics. 2019;11(1):1-17.

	133.	 Johnstone RW. Histone-deacetylase inhibitors: novel drugs for 
the treatment of cancer. Nat Rev Drug Discov. 2002;1(4):287-299.

	134.	 Mariadason JM. HDACs and HDAC inhibitors in colon cancer. 
Epigenetics. 2008;3(1):28-37.

	135.	 Zhao C, Dong H, Xu Q, Zhang Y. Histone deacetylase (HDAC) 
inhibitors in cancer: a patent review (2017-present). Expert 
Opin Ther Pat. 2020;30(4):263-274.

	136.	 Sanaei M, Kavoosi F. Histone deacetylases and histone deacety-
lase inhibitors: molecular mechanisms of action in various can-
cers. Adv Biomed Res. 2019;8:63.

	137.	 Hassell KN. Histone deacetylases and their inhibitors in cancer 
epigenetics. Diseases. 2019;7(4):57.

	138.	 Bubna AK. Vorinostat—an overview. Indian J Dermatol. 
2015;60(4):419.

	139.	 Bali P, Pranpat M, Bradner J, et al. Inhibition of histone 
deacetylase 6 acetylates and disrupts the chaperone func-
tion of heat shock protein 90: a novel basis for antileuke-
mia activity of histone deacetylase inhibitors. J Biol Chem. 
2005;280(29):26729-26734.

	140.	 Rikiishi H. Autophagic and apoptotic effects of HDAC inhibi-
tors on cancer cells. J Biomed Biotechnol. 2011;2011:1-9.

	141.	 Chinnaiyan P, Vallabhaneni G, Armstrong E, Huang S-M, 
Harari PM. Modulation of radiation response by histone 
deacetylase inhibition. International journal of radiation on-
cology* biology*. Phys Ther. 2005;62(1):223-229.

	142.	 Munster PN, Troso-Sandoval T, Rosen N, Rifkind R, Marks PA, 
Richon VM. The histone deacetylase inhibitor suberoylanilide 
hydroxamic acid induces differentiation of human breast can-
cer cells. Cancer Res. 2001;61(23):8492-8497.

	143.	Han X, Wang S, Zhou W, Li Y, Lei W, Lv W. Synergistic 
combination of histone deacetylase inhibitor suberoylan-
ilide hydroxamic acid and oncolytic adenovirus ZD55-
TRAIL as a therapy against cervical cancer. Mol Med Rep. 
2015;12(1):435-441.

	144.	 Pei Z, Chu L, Zou W, et al. An oncolytic adenoviral vector of 
Smac increases antitumor activity of TRAIL against HCC in 
human cells and in mice. Hepatology. 2004;39(5):1371-1381.

	145.	 Nguyên TL-A, Abdelbary H, Arguello M, et al. Chemical tar-
geting of the innate antiviral response by histone deacetylase 
inhibitors renders refractory cancers sensitive to viral oncolysis. 
Proc Natl Acad Sci. 2008;105(39):14981-14986.

	146.	 Shulak L, Beljanski V, Chiang C, et al. Histone deacetylase in-
hibitors potentiate vesicular stomatitis virus oncolysis in pros-
tate cancer cells by modulating NF-κB-dependent autophagy. J 
Virol. 2014;88(5):2927-2940.

	147.	 Abbas A, Gupta S. The role of histone deacetylases in prostate 
cancer. Epigenetics. 2008;3(6):300-309.

	148.	 Vanhaecke T, Papeleu P, Elaut G, Rogiers V. Trichostatin A-
like hydroxamate histone deacetylase inhibitors as thera-
peutic agents: toxicological point of view. Curr Med Chem. 
2004;11(12):1629-1643.

	149.	 Katsura T, Iwai S, Ota Y, Shimizu H, Ikuta K, Yura Y. The ef-
fects of trichostatin a on the oncolytic ability of herpes simplex 
virus for oral squamous cell carcinoma cells. Cancer Gene Ther. 
2009;16(3):237-245.

	150.	Nguyen TL-A, Wilson MG, Hiscott J. Oncolytic viruses and 
histone deacetylase inhibitors—a multi-pronged strat-
egy to target tumor cells. Cytokine Growth Factor Rev. 
2010;21(2–3):153-159.

	151.	 Franci G, Falanga A, Zannella C, et al. Infectivity inhibi-
tion by overlapping synthetic peptides derived from the gH/
gL heterodimer of herpes simplex virus type 1. J Pept Sci. 
2017;23(4):311-319.

	152.	 Karimi-Shahri M, Khorramdel M, Zarei S, Attarian F, 
Hashemian P, Javid H. Glioblastoma, an opportunity T 
cell trafficking could bring for the treatment. Mol Biol Rep. 
2022;49(10):9863-9875.

	153.	 Lyko F. The DNA methyltransferase family: a versatile toolkit 
for epigenetic regulation. Nat Rev Genet. 2018;19(2):81-92.

	154.	 Giri AK, Aittokallio T. DNMT inhibitors increase methylation 
in the cancer genome. Front Pharmacol. 2019;10:385.

	155.	 Monda V, Valenzano A, Moscatelli F, et al. Modifications of 
activity of autonomic nervous system, and resting energy ex-
penditure in women using hormone-replacement therapy. Biol 
Med. 2016;8(5):1.

	156.	 Jelinic P, Shaw P. Loss of imprinting and cancer. J Pathol. 
2007;211(3):261-268.

	157.	 Javid H, Hashemy I, Shahidsales S, Roshan NM, Kianoosh 
T, Avval FZ. Tissue expression of prohibition-I and It's 



      |  11147JAVID et al.

relationship with prognostic factors in breast cancer. Iran J 
Pathol. 2018;13(2):237.

	158.	 Golestaneh M, Firoozrai M, Javid H, Hashemy SI. The sub-
stance P/neurokinin-1 receptor signaling pathway mediates 
metastasis in human colorectal SW480 cancer cells. Mol Biol 
Rep. 2022;49(6):4893-4900.

	159.	 Gnyszka A, Jastrzębski Z, Flis S. DNA methyltransferase inhib-
itors and their emerging role in epigenetic therapy of cancer. 
Anticancer Res. 2013;33(8):2989-2996.

	160.	 Okemoto K, Kasai K, Wagner B, et al. DNA demethylating 
agents synergize with oncolytic HSV1 against malignant glio-
mas. Clin Cancer Res. 2013;19(21):5952-5959.

	161.	 Shi T, Song X, Wang Y, Liu F, Wei J. Combining oncolytic vi-
ruses with cancer immunotherapy: establishing a new genera-
tion of cancer treatment. Front Immunol. 2020;11:683.

	162.	 Friedman RC, Farh KK-H, Burge CB, Bartel DP. Most mamma-
lian mRNAs are conserved targets of microRNAs. Genome Res. 
2009;19(1):92-105.

	163.	 Ameres SL, Zamore PD. Diversifying microRNA sequence and 
function. Nat Rev Mol Cell Biol. 2013;14(8):475-488.

	164.	 Amiel J, de Pontual L, Henrion-Caude A. miRNA, development 
and disease. Adv Genet. 2012;80:1-36.

	165.	 Lujambio A, Lowe SW. The microcosmos of cancer. Nature. 
2012;482(7385):347-355.

	166.	 Vojtechova Z, Tachezy R. The role of miRNAs in virus-mediated 
oncogenesis. Int J Mol Sci. 2018;19(4):1217.

	167.	Gu S, Jin L, Zhang F, Sarnow P, Kay MA. Biological basis 
for restriction of microRNA targets to the 3′ untrans-
lated region in mammalian mRNAs. Nat Struct Mol Biol. 
2009;16(2):144-150.

	168.	 Ylösmäki E, Hakkarainen T, Hemminki A, Visakorpi T, Andino 
R, Saksela K. Generation of a conditionally replicating adenovi-
rus based on targeted destruction of E1A mRNA by a cell type-
specific MicroRNA. J Virol. 2008;82(22):11009-11015.

	169.	 Li J-M, Kao K-C, Li L-F, et al. MicroRNA-145 regulates onco-
lytic herpes simplex virus-1 for selective killing of human non-
small cell lung cancer cells. Virol J. 2013;10(1):1-9.

	170.	 Krichevsky AM, Gabriely G. miR-21: a small multi-faceted 
RNA. J Cell Mol Med. 2009;13(1):39-53.

	171.	 Bofill-De Ros X, Gironella M, Fillat C. miR-148a-and miR-216a-
regulated oncolytic adenoviruses targeting pancreatic tumors 
attenuate tissue damage without perturbation of miRNA activ-
ity. Mol Ther. 2014;22(9):1665-1677.

	172.	 Miyamoto S, Inoue H, Nakamura T, et al. Coxsackievirus 
B3 is an oncolytic virus with immunostimulatory proper-
ties that is active against lung adenocarcinoma. Cancer Res. 
2012;72(10):2609-2621.

	173.	 Jia Y, Miyamoto S, Soda Y, et al. Extremely low organ toxicity 
and strong antitumor activity of miR-34-regulated oncolytic 
coxsackievirus B3. Mol Ther-Oncolytics. 2019;12:246-258.

	174.	 Zhang B, Cheng P. Improving antitumor efficacy via com-
binatorial regimens of oncolytic virotherapy. Mol Cancer. 
2020;19(1):1-16.

	175.	 Zheng M, Huang J, Tong A, Yang H. Oncolytic viruses for can-
cer therapy: barriers and recent advances. Mol Ther Oncolytics. 
2019;15:234-247.

	176.	 Twumasi-Boateng K, Pettigrew JL, Kwok YE, Bell JC, Nelson 
BH. Oncolytic viruses as engineering platforms for combina-
tion immunotherapy. Nat Rev Cancer. 2018;18(7):419-432.

	177.	 Malfitano AM, Di Somma S, Iannuzzi CA, Pentimalli F, Portella 
G. Virotherapy: from single agents to combinatorial treatments. 
Biochem Pharmacol. 2020;177:113986.

	178.	 Simpson GR, Relph K, Harrington K, Melcher A, Pandha H. 
Cancer immunotherapy via combining oncolytic virother-
apy with chemotherapy: recent advances. Oncolytic Virother. 
2016;5:1.

	179.	 Bazan-Peregrino M, Sainson R, Carlisle R, et al. Combining vi-
rotherapy and angiotherapy for the treatment of breast cancer. 
Cancer Gene Ther. 2013;20(8):461-468.

	180.	 Zane L, Yasunaga J, Mitagami Y, et al. Wip1 and p53 contribute to 
HTLV-1 tax-induced tumorigenesis. Retrovirology. 2012;9(1):1-12.

	181.	 Tattermusch S, Skinner JA, Chaussabel D, et al. Systems 
biology approaches reveal a specific interferon-inducible 
signature in HTLV-1 associated myelopathy. PLoS Pathog. 
2012;8(1):e1002480.

	182.	 Heise C, Lemmon M, Kirn D. Efficacy with a replication-
selective adenovirus plus cisplatin-based chemotherapy: de-
pendence on sequencing but not p53 functional status or route 
of administration. Clin Cancer Res. 2000;6(12):4908-4914.

	183.	 Yoon A-R, Kim J-H, Lee Y-S, et al. Markedly enhanced cytoly-
sis by E1B-19kD-deleted oncolytic adenovirus in combination 
with cisplatin. Hum Gene Ther. 2006;17(4):379-390.

	184.	 Fujiwara T, Tanabe S, Tazawa H, et al. Abstract CT185: Phase I 
Dose-Escalation Study of Endoscopic Intratumoral Injection of 
OBP-301 (Telomelysin) with Radiotherapy in Esophageal Cancer 
Patients Unfit for Standard Treatments. AACR; 2019.

	185.	 Di Somma S, Iannuzzi CA, Passaro C, et al. The oncolytic virus 
dl922-947 triggers immunogenic cell death in mesothelioma 
and reduces xenograft growth. Front Oncol. 2019;9:564.

	186.	 Bhattacharyya M, Francis J, Eddouadi A, Lemoine N, Hallden 
G. An oncolytic adenovirus defective in pRb-binding (dl 922–
947) can efficiently eliminate pancreatic cancer cells and tu-
mors in vivo in combination with 5-FU or gemcitabine. Cancer 
Gene Ther. 2011;18(10):734-743.

	187.	 Kellish P, Shabashvili D, Rahman MM, et al. Oncolytic virother-
apy for small-cell lung cancer induces immune infiltration and 
prolongs survival. J Clin Invest. 2019;129(6):2279-2292.

	188.	 Nounamo B, Liem J, Cannon M, Liu J. Myxoma virus optimizes 
cisplatin for the treatment of ovarian cancer in vitro and in a 
syngeneic murine dissemination model. Mol Ther Oncolytics. 
2017;6:90-99.

	189.	 Galanis E, Markovic SN, Suman VJ, et al. Phase II trial of in-
travenous administration of Reolysin®(reovirus Serotype-3-
Dearing strain) in patients with metastatic melanoma. Mol 
Ther. 2012;20(10):1998-2003.

	190.	 Zeng W-G, Li J-J, Hu P, Lei L, Wang J-N, Liu R-B. An oncolytic 
herpes simplex virus vector, G47Δ, synergizes with paclitaxel in 
the treatment of breast cancer. Oncol Rep. 2013;29(6):2355-2361.

	191.	 Jaime-Ramirez AC, Yu J-G, Caserta E, et al. Reolysin and his-
tone deacetylase inhibition in the treatment of head and neck 
squamous cell carcinoma. Mol Ther Oncolytics. 2017;5:87-96.

	192.	 Muscolini M, Castiello L, Palermo E, et al. SIRT1 modulates the 
sensitivity of prostate cancer cells to vesicular stomatitis virus 
oncolysis. J Virol. 2019;93(15):e00626-e00619.

	193.	 Fox CR, Parks GD. Histone deacetylase inhibitors enhance cell 
killing and block interferon-beta synthesis elicited by infection 
with an oncolytic parainfluenza virus. Viruses. 2019;11(5):431.

	194.	 Li J, Bonifati S, Hristov G, et al. Synergistic combination of 
valproic acid and oncolytic parvovirus H−1 PV as a potential 



11148  |      JAVID et al.

therapy against cervical and pancreatic carcinomas. EMBO mol 
Med. 2013;5(10):1537-1555.

	195.	 Ruf B, Berchtold S, Venturelli S, et al. Combination of the 
oral histone deacetylase inhibitor resminostat with oncolytic 
measles vaccine virus as a new option for epi-virotherapeutic 
treatment of hepatocellular carcinoma. Mol Ther Oncolytics. 
2015;2:15019.

	196.	 Li Y, Seto E. HDACs and HDAC inhibitors in cancer de-
velopment and therapy. Cold Spring Harb Perspect Med. 
2016;6(10):a026831.

	197.	 Marchini A, Scott EM, Rommelaere J. Overcoming barriers 
in oncolytic virotherapy with HDAC inhibitors and immune 
checkpoint blockade. Viruses. 2016;8(1):9.

	198.	 Cuddington BP, Verschoor M, Ashkar A, Mossman KL. 
Enhanced efficacy with azacytidine and oncolytic BHV-1 in a 
tolerized cotton rat model of breast adenocarcinoma. Mol Ther 
Oncolytics. 2015;2:15004.

	199.	 Hodzic J, Sie D, Vermeulen A, Van Beusechem VW. Functional 
screening identifies human miRNAs that modulate adeno-
virus propagation in prostate cancer cells. Hum Gene Ther. 
2017;28(9):766-780.

	200.	 Bofill-De Ros X, Villanueva E, Fillat C. Late-phase miRNA-
controlled oncolytic adenovirus for selective killing of cancer 
cells. Oncotarget. 2015;6(8):6179.

	201.	 Lou W, Chen Q, Ma L, et al. Oncolytic adenovirus co-expressing 
miRNA-34a and IL-24 induces superior antitumor activity in 
experimental tumor model. J Mol Med. 2013;91(6):715-725.

	202.	 Marzulli M, Mazzacurati L, Zhang M, et al. A novel oncolytic 
herpes simplex virus design based on the common overexpres-
sion of microRNA-21 in tumors. J Gene Ther. 2018;3(1):1-8.

	203.	 Xia C, Liu W, Zeng D, Zhu L, Sun X, Sun X. Effect of hydrogen-
rich water on oxidative stress, liver function, and viral 
load in patients with chronic hepatitis B. Clin Transl Sci. 
2013;6(5):372-375.

	204.	 Lei W, Wang S, Yang C, et al. Combined expression of miR-
34a and Smac mediated by oncolytic vaccinia virus synergisti-
cally promote anti-tumor effects in multiple myeloma. Sci Rep. 
2016;6(1):1-11.

How to cite this article: Javid H, Sharbaf 
Mashhad A, Yazdani S, et al. The role of viruses in 
cancer development versus cancer therapy: An 
oncological perspective. Cancer Med. 
2023;12:11127-11148. doi:10.1002/cam4.5694

https://doi.org/10.1002/cam4.5694

	The role of viruses in cancer development versus cancer therapy: An oncological perspective
	Abstract
	1|INTRODUCTION
	2|VIRUSES IN CANCER DEVELOPMENT
	2.1|DNA oncoviruses
	2.1.1|Hepatitis B virus
	2.1.2|Human papillomaviruses
	2.1.3|Merkel cell polyomavirus
	2.1.4|Epstein–­Barr virus
	2.1.5|Kaposi's sarcoma-­associated herpesvirus
	2.1.6|Simian virus 40

	2.2|RNA oncoviruses
	2.2.1|Human T-­cell leukemia virus-­1
	2.2.2|Hepatitis C virus


	3|VIRUSES IN CANCER THERAPY
	3.1|Oncolytic virotherapy
	3.2|Viral vector in cancer therapy
	3.2.1|Viral gene therapy
	3.2.2|Viral immunotherapy


	4|VIRUSES IN CANCER DIAGNOSIS
	5|VIRUS IN COMBINATION THERAPY
	5.1|Viruses in combination with conventional cancer therapy
	5.2|Viruses in combination with epigenetic modulators
	5.3|Viruses in combination with microRNAs

	6|CONCLUSION
	AUTHOR CONTRIBUTIONS
	FUNDING INFORMATION
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT

	ETHICS APPROVAL
	REFERENCES


